Multicarrier complementary-coded code division Multiple Access (MC CC-CDMA) is becoming an attractive multiple access technique for high data rate transmission in future wireless communication systems. MC CC-CDMA systems transmitting over frequency-selective channels suffer from multiple access interference (MAI) owing to non-ideal correlation properties of complementary codes (CC). MC CC-CDMA with equalization has recently gained much attention for its ability to offer an excellent performance than traditional systems in frequency-selective fading channels. In this paper, the authors present an analytical study and investigation of MC CC-CDMA downlink system using different combining schemes. The use of parallel interference cancellation (PIC) under frequency-selective Nakagami-m fading channels is also analyzed. A comparison among different combining schemes is provided to show the impact of PIC with minimum mean square error combining (MMSEC) and maximal ratio combining (MRC) on the performance of MC CC-CDMA system. The analytical and simulation results show that the combination of general combining schemes with PIC provides an efficient solution to suppress MAI in downlink MC CC-CDMA system than conventional MC-CDMA systems using Walsh codes under frequency-selective channels.
Introduction
Next generation wireless communication is expected to provide multimedia services with different quality of service, offering high throughput and reliability under limited power and bandwidth resources. The main impairments limiting the capacity and maximum data rate offered to the end users of wireless communication system are multipath fading, delay spread, and multiple access interference (MAI). Multiple access (MA) techniques allow different users to share the same channel effectively as possible. Direct sequence code division multiple access (DS-CDMA) is one of the MA techniques for its improved performance in terms of system capacity and coverage compared to time division multiple access and frequency-division multiple access [1] .
In CDMA, each user uses a unique code sequence that allows multiple users to share the system bandwidth. The codes used for CDMA should have low or zero cross-correlation in order to overcome multiple access interference and multipath interference, which limits the capacity of the current 3G system to half of its processing gain (PG) [2] . The major limitation of existing signature sequences [3] , such as Gold codes, M-sequence, Kasami sequence, and Walsh-Hadamard sequence, are that they are no longer orthogonal in real-time scenarios such as uplink transmission, multiple access, and multipath interference which reduces the system capacity, initiating the need for perfect orthogonal codes.
In [4] , orthogonal complementary codes (OCC) were introduced which offer zero autocorrelation (except zero shift) and zero cross-correlation for all possible shifts between any pair of OCC. Here, the orthogonality is preserved by assigning a flock of element codes to a user instead of a single code as in traditional CDMA systems with unitary codes. The use of complete complementary codes for CDMA was investigated using quadrature amplitude modulation in [5] . Most of the attractive features of OCC were reported in [6, 7] to show the superiority of complementary codes in multipath and multiuser scenarios. In [8] , a superset of perfect complementary codes was proposed to increase the set size of the OCC to its processing gain. In order to achieve interference-free OCC, the flock size of the signature code must be equal to the set size of the codes. This problem was addressed in [9] where the code generated was able to support more users compared to complete complementary codes.
In a complementary-coded (CC) CDMA, each user data is spread with N element codes of a particular complementary code and transmitted using N independent subcarriers [10] to form a multicarrier CC-CDMA system. At the receiver, the signals received using different subcarriers are passed to their corresponding chip matched-filters and summed up with an equal gain to reconstruct ideal correlation properties. Such equal gain summation is hard to achieve over frequency-selective fading channels, where different subcarriers may suffer from different fading levels.
The ideal orthogonality of complementary correlation function under frequency-selective fading channels is lost due to multiple access interference and multipath interference existing between users transmitting over a common bandwidth. The performance degradation caused due to channel selectivity in MC CC-CDMA was addressed for both downlink [11] and uplink [12] under Rayleigh fading channels. Even though channel selectivity reduces orthogonality of CC, the multi-sequence spreading and summation at the receiver of MC CC-CDMA system offers additional diversity gain which cannot be achieved in traditional CDMA systems using single carrier.
The combining algorithms play a vital role in enhancing the performance of MC CC-CDMA systems. Equal gain combining (EGC) works well only in correlated channel conditions. In frequency-selective fading conditions, orthogonal restoring combining (ORC), maximal ratio combining (MRC), and minimum mean square error combining (MMSEC) have been a promising technique in reducing MAI [13] . In [14] , multiple-input and multiple-output orthogonal frequency-division multiplexing systems were proposed for downlink transmission using orthogonal variable spreading factor codes to obtain spatial diversity for existing single-input and single-output systems. Different types of gain combining schemes were employed in frequency domain to recover the data symbols of desired code channels.
In our study, we aim to enhance the performance of downlink MC CC-CDMA system by mitigating MAI in frequency-selective Nakagami-m fading channels. The impacts of different combining schemes such as ORC, MRC, and MMSEC on bit error rate (BER) performance of CC-CDMA are examined under frequency-selective fading channels. Parallel interference cancellation (PIC) with MRC and MMSEC is suggested for obtaining MAIfree performance in CC-CDMA systems with uncorrelated channel gain in each subcarrier under frequencyselective Nakagami-m fading channels. The accuracy of the derived BER expressions is verified with the simulated ones for MC CC-CDMA systems with different combining methods under different system parameters. Further, we compare the BER performance of complementarycoded CDMA with conventional CDMA systems employing Walsh codes to show the advantage of CC-CDMA in obtaining large diversity gain when incorporating PIC with different combining schemes.
The rest of the paper is organized as follows: in Section 2, we describe the system model of MC CC-CDMA system under frequency-selective Nakagami-m fading channels. Section 3 provides finite summation expressions and the resultant performance analysis of CC-CDMA using different combining schemes. The analytical and simulation results with discussions are presented in Section 4. Finally, Section 5 presents the conclusions.
MC CC-CDMA system model
In this section, the system model for MC CC-CDMA is discussed.
MC CC-CDMA transmitter descriptions
The transmitter section for MC CC-CDMA is shown in Fig. 1 . There are K users in the multiple access system. The kth user information symbol after baseband modulation denoted as a k (t) is a sequence of positive and negative pulses of duration T b with amplitude +1 or −1. The baseband modulated symbols of user k are spread with a flock of element codes represented as
where k = 1,2,…,K, and n = 1,2,…,N. Here, C (k) and C k ð Þ n represent the complementary code and the corresponding element code, respectively. K and the flock size N denote the number of users and number of element codes used by the same user, respectively.
In a conventional synchronous CDMA system, each user uses a unique orthogonal spreading code such as the Walsh code to spread its information symbols and its processing gain is equal to the length of the unitary code. Walsh codes are commonly used in downlink channels due to better cross-correlation property of code set. Synchronous users modulated using Walsh codes can be separated at the receiver with less interference as long as its orthogonality is not corrupted due to MAI. However, in CDMA system with CC, the orthogonality of each complementary code C (k) is based on a flock of element codes offering zero cross-correlation characteristics than conventional CDMA system. The processing gain of a CDMA system with CC is the product of flock size and the length of element code.
In MC CC-CDMA, the spreading data matrix of user k is given by The spreaded data of user k is sent through multiple carriers to the receiver. The transmission using multiple carriers provides ideal autocorrelation function and cross-correlation function behaviors. In spite of the occurrence of many side lobes during autocorrelation among individual element codes, the sum of correlation between N element sequences of two different complementary codes is zero, as given below
where 0 ≤ τ < L c represents the relative chip delay between the local correlator and the received signal. L c represents the length of the element code, and N denotes the number of element codes. The data a k (t) spread with N element codes followed by subcarrier modulation is denoted as
and T b represent the transmitter power and the bit interval given by T b = L c T c , respectively. E b and T c are the bit energy and chip interval, respectively. e jφ n is the subcarrier assigned to nth element code. C k ð Þ n t ð Þ is the spreading waveform of user k defined as
where C k ð Þ n;m represents the chip values of the spreading sequence assigned to user k. Ф(t) represents the rectangular shape of chip limited waveform.
The signal from K users undergoes subcarrier modulation and transmitted synchronously over frequencyselective fading channel. Downlink transmission is considered where coherence bandwidth of each subcarrier is assumed to be smaller than the system bandwidth. Each subcarrier is modeled as independent flat fading channel with the bandwidth of each subcarrier being less than the coherence bandwidth. Therefore, each subcarrier does not have selectivity, and it is also assumed that the channel coefficient is constant throughout the transmission period of 1-bit duration.
Receiver section of MC CC-CDMA
Suppose that the desired user of interest is l, the demodulated signal from subcarrier n in a mobile station can be written as
represents the channel coefficient of subcarrier n from the base station to the user l. s k ð Þ n t ð Þ denotes the spreaded data of nth element code of user k. n n (t) is the zero mean white Gaussian noise with variance N o /T c in the subcarrier n and N o is the power spectral density of complex additive white Gaussian noise (AWGN). Here, it is assumed that the N noise samples are uncorrelated.
In multicarrier CC-CDMA system, the carrierdemodulated signals of each user are passed through N chip-matched filters corresponding to N element sequences. If y l ð Þ n t ð Þ represents the chip-matched filter output for the element sequence c l ð Þ n at the receiver of desired user l, the matched filter output for nth element sequence under perfect carrier, code, and bit synchronization is denoted as
Substituting (4) and (5), in (6), we have
where I n represents the sampled additive white Gaussian noise with zero mean and variance L c σ n 2 expressed as
The outputs of N chip-matched filters of desired user l are combined before taking decision. Here, the signals received through N subcarriers results in N-branch diversity with each branch representing replicas of source data spread by nth element sequence. Hence, in order to achieve ideal correlation characteristics of the received signal under frequency-selective fading channel, a suitable combining method should be employed to achieve frequency diversity gain, from the signal received over N subcarriers.
Interference cancellation with different receivers for MC CC-CDMA
The discrete-time signal component at the combiner output for desired user l in the ith symbol interval is denoted as
where w l ð Þ n is the equivalent combining weight of the nth subcarrier for desired user l. y l ð Þ n i ð Þ represents the discrete-time equivalent of (8) .
The different types of combining techniques normally used are orthogonal restoring combining (ORC), maximal ratio combining (MRC), and minimum mean square error combining (MMSEC). ORC performs well when the number of active users is high and the system is interference limited. However, ORC will enhance noise due to the requirements of larger weights at low signal to noise ratio (SNR). The equivalent weight for ORC is given by
Using MRC, multiple uncorrelated signals at the output of N matched filters are combined to obtain a frequency diversity gain. The equivalent weight corresponding to MRC is given by
where * denotes the complex conjugate operation. MMSEC is obtained based on the information of the number of active users, the noise power, and the channel gain of each subcarrier. The equivalent weight of MMSE combining is given by [15] ,
where K u is the number of active users and E b /N o denotes the bit energy to noise density ratio.
MRC-based parallel interference cancellation
Multiuser detection has been an attractive technique to cancel MAI by using the information of interfering users [16] in traditional CDMA systems using unitary codes. In MC CC-CDMA, multiuser detection was not applied owing to ideal correlation characteristics of CC, but its performance gets degraded in frequency-selective fading channels due to MAI existing between interfering users. Parallel interference cancellation (PIC) can be used to achieve performance improvement in multiuser CDMA systems affected due to MAI. Further, PIC using suitable interference estimation techniques such as MMSE, ORC, and MRC can be used to estimate, regenerate, and cancel the effect of interfering users [17] .
In MC CC-CDMA, PIC is applied to N subcarriers to obtain per-carrier parallel interference cancellation (PC-PIC). The main aims of PIC are to regenerate the signal mixed with MAI and recover the useful signal from the desired user. It is normally operated in two stages. In the first stage, the initial data estimates due to interfering users is estimated using (15) with suitable combining method and PIC is applied using (14) to regenerate and cancel MAI existing in the received signal. In the second stage, the interference-cancelled signal is combined using MRC to form PIC-MRC.
The interference-cancelled signal for subcarrier n, based on the estimated interference, channel gain, and the number of interfering users can be written as
where r n (t), n є {1, 2…N}, is the received signal for subcarrier n of all the K users in the system. J^( k) (i) represents the interference at the output of chip-matched filter from interfering user k which is estimated based on specific combining weight denoted as
After interference cancellation, the signals from N subcarrier are despread using complementary code of desired user l and combined to give the estimated data for element sequence n as
Using (12) in (16) , the data signal of desired user l after interference estimation using a specific estimation scheme and MRC is given by
where N pic is the noise term and J pic is the residual MAI represented as
It can be observed from (18) that the performance of MC CC-CDMA depends on the equivalent combining weight and the correlation properties of each element sequence. In addition, the accuracy of the estimated MAI J^( k) (i) depends heavily on perfect available channel state information at the receiver of the desired user.
Error probability of MC CC-CDMA system under Nakagami-m fading channel with MRC
We consider downlink MC CC-CDMA communication system under frequency-selective fading channel where the signal from the base station (BS) is transmitted to K simultaneous active mobile users. Each user employs N element codes, and binary phase-shift keying (BPSK) is used. The flock size N determines the bandwidth of each subcarrier for the fixed system bandwidth, and each subcarrier is assumed to experience slowly varying Nakagami-m fading channel. All the element codes are assumed to experience flat, but uncorrelated fading.
The error probability for MC CC-CDMA under Nakagami-m fading channel is obtained by averaging the conditional error probability with respect to γ as follows
For a Nakagami-m fading channel with parameter m, the PDF of the fading channel with Nakagami random variable r and instantaneous SNR γ ¼ r
over L paths with MRC diversity is given by [18] as
; and the parameter m is defined as the ratio of moments called the fading figure [19] , given by m ¼ γ
Using (17) and (20) in (19), we get the error probability for N independent subcarriers with Nakagami-m fading as
where
h n j j 2 , and L is replaced by N for convenience. Here, erf(.) is the error function in probability theory obtained from [19] and is related to the Gaussian probability integral as
Using equation (6.286/1) from [20] , we get
where β, μ, and v represent the constants associated with the variable x in (22).
Comparing (22) with (21) and using equation (3.381/4) of [20] in (21), the error probability for MC CC-CDMA system under Nakagami-m fading channel is given by
where F(x, y; z; ρ) is the Gauss hypergeometric function [20] . The above equation can be numerically evaluated using MATLAB for each value of diversity order N, fading parameter m, and average SNR γ .
Analytical and simulation results
In this section, analytical and simulation results are presented for illustrating the performance of MC CC-CDMA system under different channel conditions. In simulations, downlink communications with an uncoded BPSK modulation is considered. Here, each subcarrier is modeled as independent Nakagami-m flat fading channel and N channel coefficients are considered as uncorrelated zero-mean complex Gaussian random variables with unit variance. The channel coefficients are constant throughout the transmission period of 1-bit duration. Throughout the simulation, it is assumed that perfect channel state information (CSI) is available at the receiver. We assume supercomplementary codes (SCC) in simulations, where in SCC, the flock size can be equal to their processing gain [9] , thus supporting more users compared to complete complementary codes.
A. BER performance of MC CC-CDMA without PIC
We first illustrate the performance of MC CC-CDMA system without PIC under different fading conditions using various combining schemes such as ORC, MRC, and MMSE. The propagation channel considered is frequency-selective Nakagami-m fading channel with each subcarrier experiencing uncorrelated fading. The comparison is made using SCC having PG of 64 with flock size 16 and element code length 4. Figure 2 shows the BER performance of MC CC-CDMA using MRC with variations in number of users for fading parameter m = 4 under frequency-selective Nakagami-m fading channel. It can be observed that with variations in number of users accessing the system, the effect of multiple access interference and hence BER increases. From Fig. 2 , it can be seen that for BER of 10 −2 , the additional required SNR is 4 dB for 16 user system compared to eight user system. This occurs due to the increase in MAI with increase in number of users in the system and lack of suitable equalization schemes to improve the error rate performance. Figure 3 shows the reduction in error probability with increase in fading parameter m for MC CC-CDMA system using MRC and its comparison with AWGN channel. The performance for AWGN channel is obtained without considering the effect of fading on each subcarrier. The number of users used for comparison is 8. It can be visualized from the plot that with increase in the fading parameter m, the probability of receiving the signal with less error increases, thereby increasing the system performance.
The simulated performance of MC CC-CDMA generated using SCC under frequency-selective Nakagami-m fading channel with different combining techniques is shown in Fig. 4 . The comparison is with fading parameter m = 2. The number of users used for comparison is 16. Here, the simulated performance of different combining schemes such as MRC, ORC, and MMSEC is compared using (11), (12) , and (13). It can be observed that with more number of active users (interference limited system), the performance of ORC is better than that of MRC, but MMSEC offers diversity gain with knowledge of number of active users and noise power. Further, it can be seen that at Low SNR, MMSEC offers SNR gain of about 6 dB compared to ORC for BER of 
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B. BER performance comparison of MC CC-CDMA with PIC
In this section, we discuss the error rate performance of MC CC-CDMA using different combining schemes with PIC to show the superiority of PIC in reducing the effect of MAI in frequency-selective Nakagami-m fading channel. The simulated BER performance of MC CC-CDMA is compared with analytical results to validate the theoretical results obtained. Further, we compare the performance of single carrier (SC) and multicarrier CDMA employing Walsh codes with multicarrier CC-CDMA to show the significance of complementary codes in obtaining larger diversity gain with PIC compared to noninterference cancellation techniques. Figure 5 shows the performance improvement achieved by using PIC with suitable combining schemes under frequency-selective fading channels using identical simulation parameters as in Fig. 4 . The per-carrier parallel interference cancellation (PC-PIC) is performed in two stages. In the first stage, the initial data estimates of all interfering users are obtained using MRC, ORC, and MMSEC and PC-PIC is obtained using (15) resulting in MRC-PIC, ORC-PIC, and MMSEC-PIC. In the second stage, the interference-cancelled signal is dispread and combined using MRC to provide the desired users data. Here, the interference-cancelled signal using different interference estimation schemes is finally combined using MRC to obtain MRC-PIC-MRC, ORC-PIC-MRC, and MMSE-PIC-MRC. For instance, the notation MMSE-PIC-MRC refers to a PIC receiver using MMSE technique at the first stage and MRC at the second stage. It can be observed from Fig. 5 that the performance of PIC has a higher slope as compared to the system without interference cancellation (Fig. 4) . This is mainly due to the reduction in MAI due to PIC. Further, it can be observed that at SNR of 10 dB, the MC CC-CDMA with MRC-PIC-MRC, ORC-PIC-MRC, and MMSE-PIC-MRC provides BER of 0.0113, 0.0050, and 0.0003, respectively, which is much lower than the error rate of MC CC-CDMA without PIC.
The analytical versus simulated performance comparison of MC CC-CDMA using PIC-based MRC under frequency-selective Nakagami-m fading channel is shown in Fig. 6 . The simulated performance is obtained using OCC with set size, N = 16 and Lc = In Fig. 8 , we compare the BER performance of MC CC-CDMA with single carrier (SC) and multicarrier CDMA (MC-CDMA) employing Walsh code using MMSE combining and PIC in a frequency-selective Nakagami-m fading channel. The number of users considered in all the three systems is 16 and fading parameter m is 2. The number of subcarriers used for both MC-CDMA and MC CC-CDMA systems are 64. It can be examined that the BER performance of MC CC-CDMA system using MMSE-PIC-MRC as a final combining scheme is more robust in frequencyselective Nakagami-m fading channels compared to other traditional SC and MC-CDMA systems using Walsh codes.
From Fig. 8 , we can observe that the combining algorithms play a critical role in the performance of MC CC-CDMA system. In addition, the use of PIC with different combining schemes in MC-CC-CDMA results in performance improvement at the cost of increased computational complexity compared to non-interference cancellation schemes. In MC-CDMA system employing Walsh codes and complementary codes, the per-carrier computational complexity of hard decision PIC detector as a function of users K is O(K(K − 1)), where O(.) denotes the order of complexity [21] . Although the complexity incurred by both the systems are in the same order, MC CC-CDMA offers additional 8 dB gain at BER of 10 performance improvement is achieved due to additional diversity gain, which makes MC CC-CDMA suitable for system requiring higher data rate and capacity.
Conclusions
In this paper, we analyzed the performance of MC CC-CDMA system with different combining schemes for downlink transmissions under frequency-selective Nakagami-m fading channels. Performance measures in terms of BER versus SNR are plotted for different combining schemes to show the superiority of complementary codes in frequency-selective channels under different channel conditions. It was shown that in the presence of MAI, only MMSE-PIC with MRC can be more tolerant to interference with much higher gain than MRC-based PIC. Furthermore, the simulation results have revealed that an MC-CDMA system using CC offers a higher diversity gain than traditional MC-CDMA systems using Walsh codes.
